Since the discovery of its narrow (0.7 eV) bandgap [1, 2] , InN has attracted intense research interest. Interestingly, the actual value of its direct bandgap has been the subject of some controversy [3] [4] [5] [6] [7] [8] . In most cases, measurements of apparent band gaps larger than 0.7 eV can be attributed to the significant Burstein-Moss shift (conduction band filling) that occurs at high electron concentrations [9] . Because it has the highest electron affinity (~5.8 eV) in known semiconductors, InN is extremely susceptible to ntype doping, either by native donors or by impurities such as oxygen. The relatively small electron effective mass and high energy position of other conduction band valleys (e.g. L and X) make the conduction band-filling effect particularly strong in InN. For example, for an electron concentration in the mid-10 20 cm -3 range, the absorption edge in InN shifts to ~1.7 eV [9] .
We have shown previously [10] that native donors and/or acceptors introduced through energetic particle irradiation can be used to precisely control the free electron concentration in In 1-x properties of the irradiated samples. The optical absorption measurements were performed at room temperature using a CARY-2390 NIR-VIS-UV spectrophotometer.
Free electron concentration and mobility were measured at room temperature using a home-built Hall effect system with a magnetic field of 3000 Gauss. Both the optical and the electrical properties can be understood using the amphoteric defect model (ADM) [12, 13] . The model predicts that in all semiconductors the native defects that are highly localized in nature have a common energy level, which is termed the Fermi-stabilization Energy (E FS ) and is located ~4.9 eV below the vacuum level. In the inset of Figure 3 , the position of the E FS is shown together with the composition dependence of the valence and conduction band edges (VBE and CBE) of
In x Ga 1-x N. E FS is located ~0.9 eV above the CBE of InN but ~0.7 eV below the CBE of GaN (2.7 eV above the VBE). According to the ADM either donor-or acceptor-like native point defects are formed depending on the relative position of the Fermi level (E F )
to the E FS . In InN the E FS is above the CBE; as a result, donor-like irradiation-induced point defects form. Therefore, as the irradiation dose increases, the electron concentration increases until E F approaches E FS . At this point both donor and acceptor-like defects are formed at similar rates and compensate each other leading to stabilization of E F and saturation of the electron concentration. As a result, a large increase and then a saturation in the Burstein-Moss shift of the optical absorption edge is predicted; this is in fact observed in Fig. 1(a) .
With increasing Ga content in In x Ga 1-x N alloys, the CBE moves towards E FS , resulting in smaller electron saturation concentrations and absorption edge shifts. For x < 0.34 the CBE moves above E FS and acceptors become the dominant irradiation-induced defects in n-type samples. For Ga-rich material, the acceptor defects compensate n-type conductivity until the Fermi energy stabilizes at E FS . In the case of GaN, where the compensation is the most effective, the sample eventually became semi-insulating after irradiation. As expected, the decreasing electron concentration in Ga-rich In 1-x Ga x N does not have a significant effect on the absorption edge. However, the formation of the native defect states, which are predicted by the ADM to occur at 2.7 eV above the VBE in GaN (inset of Fig. 3 ), is observed clearly by optical absorption in Fig. 2 .
To demonstrate the agreement between the optical and electronic properties of irradiated InN, the absorption spectra are numerically analyzed to obtain the Fermi energy. To account for broadening effects a Gaussian function was convoluted with the energy dependent absorption coefficient for a direct gap,
where α 0 (E') is the ideal absorption of InN and ∆ is the Gaussian broadening parameter.
The best fits, which are plotted in Fig. 1 In principle, the same irradiation effect, which is ultimately the displacement of lattice atoms, can be achieved in all group III-nitride alloys by using an equivalent dose of any other energetic particles such as electrons, protons, and other ions. By focusing the particle beam, one can alter the doping or optical properties of group III-nitride alloys with desired patterns down to the nanometer scale. This offers a range of possible applications of this technique for fabrication of highly conducting spatially confined structures.
In conclusion, we have shown that optical absorption properties of In x Ga 1-x N alloys can be controlled by high energy particle irradiation. As predicted by the 
